A direct method was developed to determine the viability of a freshly generated mixed bacterial aerosol. A mixed suspension of "P-labeled Staphylococcus aureus and IIS-labeled Proteus mirabilis was nebulized, and the aerosol was collected and separated according to particle size with an Andersen sampler. Quantitative and qualitative bacteriological and radioisotopic techniques were used to obtain ratios of bacterial to radioactive counts for each organism in samples of the nebulizer suspension and aerosol. Loss of viability was calculated from the change that occurred between the ratio of the nebulizer suspension and the ratio of the aerosol. The viability of S. aureus was unaffected by aerosolization, whereas the viability of P. mirabilis declined by 20 to 60% and was inversely proportional to particle size. The advantages of this method over present indirect methods, as well as potential applications of the method, are discussed.
A direct method was developed to determine the viability of a freshly generated mixed bacterial aerosol. A mixed suspension of "P-labeled Staphylococcus aureus and IIS-labeled Proteus mirabilis was nebulized, and the aerosol was collected and separated according to particle size with an Andersen sampler. Quantitative and qualitative bacteriological and radioisotopic techniques were used to obtain ratios of bacterial to radioactive counts for each organism in samples of the nebulizer suspension and aerosol. Loss of viability was calculated from the change that occurred between the ratio of the nebulizer suspension and the ratio of the aerosol. The viability of S. aureus was unaffected by aerosolization, whereas the viability of P. mirabilis declined by 20 to 60% and was inversely proportional to particle size. The advantages of this method over present indirect methods, as well as potential applications of the method, are discussed.
Naturally occurring bacterial aerosols of various origins consist of mixed populations of bacteria in droplet nuclei of different sizes. Present methods for determining the viability of freshly generated bacterial aerosols are indirect and are limited to the study of a single species (2, 5, 11) . A new method is presented which permits direct and simultaneous determination of the viability of individual species in a freshly generated, mixed bacterial aerosol.
MATERIALS AND METHODS Preparation ofmixed radio-labeled bacterial aerosol. A culture of a coagulase-positive strain of Staphylococcus aureus (FDA 209 P, phage type 42D) was labeled with 32P as previously reported (4) . A medium was developed to obtain maximal labeling and growth of a strain of Proteus mirabilis (originally obtained from patient material). The medium contained K2HPO4, 3 g; MgCl2, 0.2 g; glycine, 10 g; nicotinic acid, 1 g; and distilled water, 1 liter. After autoclaving, sterile solutions of dextrose (Difco) and nutrient broth were added in final concentrations of 2 and 1%, respectively. One mc of carrier free 35S, as H2SO4, was added to 25 ml of the medium, and the pH was adjusted to neutrality with NaOH.
After inoculation with the bacteria, both cultures were incubated at 37 C on a shaker water bath for 16 hr, centrifuged at 3,000 X g for 15 min, washed twice I Research Fellow in Periodontology. 2Edward Livingston Trudeau Fellow of the American Thoracic Society. in 60 ml of a phosphate buffer solution containing Na2HPO4 (11.87 g/liter) and KH2PO4 (9.08 g/liter), and resuspended in 8 ml of the buffer solution. Portions (1 ml) of the mixed radio-labeled culture were assayed quantitatively for viable bacteria and radioactivity. The results are referred to as the nebulizer fluid values. A 5-ml amount of the mixed labeled culture was placed in a DeVilbiss 40 nebulizer (DeVilbiss Co., Toledo, Ohio). The aerosol was continuously generated in a closed vented chamber previously described (7). After 10 min of nebulization, the aerosol was sampled for 10 min through a port in the chamber with an Andersen sampler (1). Petri dishes containing 20 ml of nutrient broth were inserted into each of the six stages of the sampler. After sampling the aerosol, the petri dishes were removed and 1-ml portions from each stage were assayed for viable bacteria and radioactivity. The results are referred to as the aerosol values.
Bacteriological and radioisotopic counting procedures. Portions (1 ml) of the nebulizer fluid and aerosol samples were quantitatively cultured for viable bacteria by the standard dilution pour-plate technique. Four plates were poured for each dilution tested. Separation of the two bacterial species for colony counting was accomplished by use of phenylethanol agar (Difco) to select for S. aureus and nutrient agar, containing sodium nafcillin (5 ,g/ml), to select for P. mirabilis. Colony counts were performed after 36 hr of incubation at 37 C and were expressed as the average number of colonies per milliliter of material assayed. Portions (1 ml) of each sample were prepared for radioactivity counting by digestion in 4 78 on June 17, 2017 by guest http://aem.asm.org/ Downloaded from ml of hyamine hydroxide 10-X. Digestion was carried out for 24 hr in 20-ml screw-cap glass counting vials immersed in a 60 C water bath. After digestion, 10 ml of a liquid scintillation solution, containing 0.5%c PPO (2,5-diphenyloxazole) and 0.01% POPOP [1,4-bis-2 (5-phenyloxazolyl)-benzene] dissolved in toluene, as well as 5 ml of absolute ethyl alcohol, were added to each vial. The samples were counted in a Packard TriCarb Liquid Scintillation Spectrometer (Series 3003, Packard Instrument Co., Inc., Downers Grove, Ill.). 35S and 32p were differentiated by use of the discriminator ratio method of Okita et al. (9) . After correction for dilution and background, radioactivity was expressed as counts per minute per milliliter of material assayed.
Calculationi of viability of aerosolized bacteria. The ratio of the number of S. aureus colonies to 32p counts and P. mirabilis colonies to 35S counts was determined 
RESULTS
The direct method for calculating aerosol killing is dependent on the firm binding of the isotope to the bacteria during the test period. Table  1 shows the distribution of 33P counts in a suspension of S. aureus and the distribution of 35S counts in a suspension of P. mirabilis. The data show that over 80% of the radioactivity is retained by both organisms 4 hr after washing.
The data in Table 2 illustrate the use of the direct method for determining the viability of a freshly generated mixed bacterial aerosol. The particle size ranges of the bacterial droplet nuclei that impinged on each of the aerosol sampler stages are shown in the second column. The ratio of bacterial colonies to radioactive counts was determined in the nebulizer fluid and in each of the six 10-min aerosol samples for S. aureus labeled with 'P and for P. mirabilis labeled with 35S. Loss of viability for each organism in the aerosol is expressed as a percentage of the ratio of the nebulizer suspension as calculated by equation 1 
(Materials and Methods).
Inspection of the colony count/32P count ratios for S. aureus revealed that an increase occurred between the nebulizer fluid and the aerosol samples. Since the isotope was firmly bound to the organisms and the phosphate buffer solution did not support bacterial growth, the increase in ratios was probably due to the disruption of staphylococcal clusters during the nebulization process, thus yielding a proportionately greater number of colony-forming units per radioactive count. Calculation of the per cent loss of viability of S. aureus demonstrated that no net loss of viability occurred.
Examination of the colony count/ "S count ratios for P. mirabilis revealed that a significant decrease in the value of the ratios occurred between the nebulizer fluid and all aerosol samples, A major source of error in the direct method of calculating viability loss of bacterial aerosols may be due to the separation of the radiotracer from the bacteria during aerosolization or due to death of the bacteria. Table 3 shows the distribution of "P and 35S counts in bacterial suspensions and supernatant fluids of the nebulizer fluid and the aerosol samples. Comparison of the amount of unbound isotope in the supernatant fluid of the nebulizer suspension with the free isotope in the aerosol samples demonstrates that little separation occurred during or after aerosolization. In addition, in the case of P. mirabilis, loss of viability did not lead to appreciable separation of incorporated 35S. DIscuSSION A direct method for determining the viability of organisms in freshly generated bacterial aerosols has been presented. This is an improvement over indirect methods which employ exogenous tracers such as spores (6), heat-killed radio-labeled spores (5), or heat-killed suspensions of radio-labeled bacteria (5, 11) . A great disadvantage of indirect methods is the requirement for homogeneous distribution of tracer and vegetative cell. Uniform distribution is difficult to obtain when tracers are used which are not identical in size, shape, and density to the vegetative cells under study. Accordingly, the direct method can be used to determine the state of viability of airborne organisms passing through selective filtration systems. This application is currently being used in this laboratory to study the viability of inhaled airborne bacteria which reach the lower respiratory tract.
A second advantage of the method presented is that the viability of mixed bacterial aerosols can be determined directly. Since many naturally occurring bacterial aerosols, such as those from sneezes, coughs or intra-oral dental drilling, contain droplet nuclei consisting of mixed bacterial populations, this method is applicable to experimental models designed to study the viability of bacteria in such particles. The efficiency of techniques which sterilize air contaminated with bacteria can also be quantitatively evaluated by this method.
Finally, the use of a sampling device which separates particles on the basis of size and density allows for direct determination of the viability of selected portions of the total mixed aerosol. As shown in the data, particle size was an important determinant of the viability of airborne P. mirabilis. A threefold difference in viability was found between the largest and smallest particles studied. Comparable results have been obtained with Escherichia coli aerosols (8) . On the other hand, particle size did not affect the viability of S. aureus. These findings are in agreement with previous reports which indicate that gram-negative organisms are more sensitive to aerosolization than are gram-positive organisms (3, 10, 11) .
